The use of solanidine as starting material for the synthesis of steroid hormones was strongly stimulated by the possibility to isolate large amounts (ton scale) of potato glycoalkaloids from a waste stream of the potato starch production. A procedure is available to isolate these glycoalkaloids from the potato protein fraction and after hydrolysis solanidine is set free and can be made available as alternative for diosgenine as starting material for the production of dehydropregnenolon acetate (DPA). The conversion of solanidine to DPA was first tried by reinvestigation of several known methods like oxidation with Hg(OAc) 2 , the Cope reaction and the Polonovski reaction but none of these approaches were successful. The best option was to open the E,F-ring system using the Von Braun reaction. Besides the desired major E-ring opened compound also the minor F-ring opened compound was isolated. Alternatives for the hazardous Von Braun reagent BrCN were investigated but not found. Further degradation using the Hofmann reaction was successful in a ∆ 16 derivative, which led to the desired triene intermediate.
Introduction
Since the first structure elucidation of solanidine (1) about 70 years ago, research has been carried out to convert this aglycon to an intermediate for the synthesis of steroids. Renewed interest in this conversion was stimulated by the possibility to isolate large amounts (ton scale) of potato glycoalkaloids from a waste stream of the potato starch production. During the starch refining process the proteins together with the glycoalkaloids are separated from the starch. This protein fraction is then subjected to a number of refining steps in which the proteins are separated from the glycoalkaloids. The glycoalkaloids together with free amino acids, peptides and minerals end up in the so-called protamylasse fraction. The amount of glycoalkaloids present in this fraction varies from 200-2000 ppm dependent on the potatoes processed per campaign. Potato glycoalkaloids consist for more than 95% of α-chaconine and α-solanine, which both have the steroid-like solanidine (1) as aglycon, thus a large potential of starting material may become available for conversion to steroid hormones.
During the last 50 years diosgenine is used as the main starting material in the industrial synthesis of progestagens, androgens, estrogens, norsteroids, and a diuretic spironolactone. Uncertain external factors have often influenced the guaranteed supply of diosgenine and in the course of time many alternatives have been investigated. These alternatives should have in common that they can be implemented in existing production facilities for economic and pharmaceutical reasons. Solanidine (1) could be such an alternative on condition that it can be converted in an industrially attractive way to DPA (6) , which is a key intermediate in the industrial syntheses of progesterone and cortisone derivatives. We here like to report on our results in this field.
Results and Discussion

Isolation and hydrolysis of potato glycoalkaloids
To obtain the starting material for our research, an improved simple and effective method has been developed for the isolation of the potato glycoalkaloids, α-chaconine and α-solanine, from the spray dried protamylasse fraction, which was obtained from AVEBE 1 . When this crude fraction was directly subjected to hydrolysis a complex product mixture was formed. Therefore a modified method of Friedman et al. 2 was used for the extraction of the potato glycoalkaloids from the protamylasse fraction. A crude mixture of α-chaconine and α-solanine was obtained by using aqueous ethanol for this extraction, and recrystallization from ethanol gave a clean mixture of both glycoalkaloids. In this way 221.1 g of spray-dried protamylasse yielded 10.8 g of glycoalkaloids, which is 85% yield based on a 5.7% glycoalkaloid content in the spray-dried protamylasse as determined by HPLC. Chemical hydrolysis was performed with acid and solanidine (1) was isolated from the acidic ethanol in an almost quantitative yield after precipitation with NH 4 OH. Because both the isolation and hydrolysis of the glycoalkaloids can be performed on a large scale, attempts were made to combine both procedures. Since the protamylasse fraction has a pH of 5-6 it could be dissolved in water without addition of acid. After the aqueous solution was made basic with NH 4 OH and stored overnight at 4ºC, the slurry was centrifuged and the supernatant discarded. The pellet was again directly subjected to hydrolysis but also in this case a complex product mixture was formed, and extraction with ethanol proved to be necessary prior to hydrolysis. Thus the pellets were transferred to a Soxhlett apparatus and extracted with ethanol for 24 hours. After concentration of the extract, a crude glycoalkaloid fraction was obtained. This fraction was hydrolyzed in acidic ethanol for 2.5 hours, and the alkaloids were precipitated with NH 4 OH. The crude precipitate was filtered and recrystalized from ethanol to give pure solanidine (1) . The hydrolysis of the glycoalkaloids is accompanied by the formation of solanidiene in 9% yield, but lowering the amount of acid in the hydrolysis step from 2M to 1M HCl in ethanol reduced the formation of solanidiene to a negligible amount.
The conversion of solanidine to DPA
The conversion of solanidine (1) to DPA (6) was first tried by the recently published method using Hg(OAc) 2 double bond during the oxidation, 20 1 was transformed into solanidan-4-en-3-one (7) by treatment of 1 with Al(i-PrO) 3 in toluene in the presence of cyclohexanone (Scheme 2). Oxidation of enone (7) with Hg(OAc) 2 again showed the exclusive formation of the corresponding ∆ 20,22 -enamine, which was subjected again to a range of oxidation reactions, 3, 8, [10] [11] [12] [13] [14] [15] [16] 18, 19, 21 but all failed in our hands.
According to Gaši and co-workers 3 the modest yield of the oxidation of enamine 4 was due to its instability. However, Mopac 22 PM3 calculations 23, 24 showed that enamine 4 (∆H f = -76.57 kcal) is more stable than enamine 3 (∆H f = -68.86 kcal).The energy difference is large enough to make isomerization during the oxidation reaction unlikely and the difficulties in the oxidation reaction can not only be imputed to the instability of enamine 4. These calculations also show that enamine 4 is not really an enamine but more an isolated double bond and a separate amino group. The bond order of the C-N bond is 1.03, which indicates that there is nearly a single bond between C22 and N. The ∆ 20,22 double bond forces the five membered E-ring to be completely flat, and as a consequence the D-ring is bent in such a way that C18 and the six membered ring shield its top and bottom side, respectively ( Figure 1 ). The methyl group (C21) lies in the plane of the ∆ 20,22 double bond making it even more difficult to approach. In our opinion, steric hindrance is the main reason for the low reactivity of this ∆ 20,22 double bond. 
The Cope and Polonovski reactions
In the second attempt to convert solanidine (1) to DPA (6) the Cope and Polonovski reactions were studied and to do so it was necessary to synthesize a solanidine N-oxide first. To avoid epoxidation problems solanidine (1) was converted to solanidi-4-en-3-one (7), which could be oxidized with MMPP to the corresponding solanidi-4-en-3-one N-oxide (8) in good yield (Scheme 2). It turned out that the Cope reaction did not give the desired results because a 5-membered planar transition state, necessary for the Cope reaction, is not possible in this molecule. In such cases deoxygenation, being a competitive process, takes over and indeed, solanidi-4-en-3-one (7) was recovered in all attempts. The Polonovski reaction can be carried out with Ac 2 O or (CF 3 CO) 2 O under rather extreme conditions. With Ac 2 O no reaction was observed for solanidine N-oxide (8) or 3-acetoxysolanidine N-oxide (9) . Treatment of 9 with (CF 3 CO) 2 O yielded compound 10 as the result of elimination, isomerization of iminium ion 2 and trifluoroacylation (Scheme 3). This is a new result, but no further attempts have been undertaken to convert compound 10 in DPA (6). 
The Von Braun reaction
The third option was to open the E,F-ring system using the Von Braun reaction, which was performed on 3-acetoxysolanidine (11) according to the method of Beisler and Sato. 25, 26 Next to a 68% yield of 12, the F-ring opened side-product 13 was isolated in 10% yield, which must be the result of bromide attack at C26 (Scheme 4). Although not described in the literature, it is most likely that this product is always formed in the Von Braun reaction but it has never been mentioned before. Because the use of BrCN in industry requires special safety measures, less toxic alternatives such as acetyl chloride, 27, 28 ethyl chloroformate, [29] [30] [31] [32] [33] [34] [35] trichloroethyl chloroformate, 36 benzoylchloride, 37 and benzyl chloride 38 have been investigated. Although these reagents give good results with common tertiary amines, no reaction was observed with 3-acetoxysolanidine (11) . Other attempts with Ac 2 O and (CF 3 CO) 2 O, 39 trichlorotriazine, chlorodimethoyxytriazine [40] [41] [42] and TMSCl, NaI, Ac 2 O 43 were also unsuccessful. Despite all attempts, BrCN remains the only reagent until now, capable to open the indolizidine ring system of 3-acetoxysolanidine (11) . Although the objectives against large-scale industrial application of BrCN remain, the reaction itself gives a good yield of 12, which has possibilities for further transformation to DPA (6) .
The Hofmann degradation
One of the possibilities for further transformation of the ringopened product 12 is the Hofmann degradation. To avoid disturbing side reactions under the basic reaction conditions, the bromide Methylation with MeI and Na 2 CO 3 in water proceeded smoothly and gave the ammonium salts in high yields, which were subjected to treatment with base without further purification. This resulted in formation of the demethylated products 17 and 18 in 76% and 32% yield, 45, 46 NaOH, 47, 48 NaOMe, 49 or Et 3 N, 50 gave products which immediately decomposed during the isolation process. Only when 20 was treated with LDA the desired product 21 together with the N-monomethylated product 19 could be isolated in 32% and 26% yield, respectively (Scheme 5). The formation of demethylated products can be explained by difficulties in the proton abstraction, which is necessary for ringopening. In these cases the competitive nucleophilic substitution resulting in demethylation is strongly favored over the Hofmann degradation. LDA is a small and strong enough base to abstract the proton from C20, but only in the case of 20 compound 21 was formed. (6) in 76% yield. The overall yield starting from 3-acetoxysolanidine (11) to DPA (6) over 9 steps was 30%. An alternative procedure for the conversion of tomatiedol (24) in DPA consists of nitrosation of tomatidenol followed by decomposition of the nitroso compound, oxidation and elimination 59 .
Shortcuts to tomatidenol (24) starting from 3-acetoxysolanidine (11)
To compete with existing industrial processes this route should be shortened and expensive reagents should be avoided. Shortcuts were attempted to convert compounds from the first part of the route (11→24) to compounds from the second part of the route (24→6 The chlorination/dehydrochlorination process is an economically unfavorable two-step process and direct introduction of the ∆ 22,N double bond would be more efficient. This has been tried i) by elimination of HCN from 15 (Scheme 8), ii) by oxidation of amide 30 (Scheme 9), iii) by elimination of chlorine from 28, and iv) by oxidation of amine 27. Direct elimination of the nitrile group from 15 has been tried by treatment with NaOMe, which led to a single product that was identified as 29. A mechanistic explanation for the formation of 28 is depicted in Scheme 8. 
Scheme 8
The amide 30 could be obtained in 95% yield by treatment of nitrile 15 with Zn in anhydrous HOAc. 26, 67 The introduction of the double bond in 30 was attempted with CAN 68 , MnO 2 , 10,11 and HCl(aq.) 69 but unfortunately without success. These results indicate that an imine can only be formed by chlorination and subsequent dehydrochlorination of 28 with NaOMe, but under these circumstances the acetates are saponified also, and a further reaction to tomatidenol (24) can not be avoided. To achieve formation of the ∆ 22(N) bond and to prevent further reaction to tomatidenol, it will be necessary to maintain the acetate group at C16. 84 The availability of 31 gives the possibility to investigate two alternative degradation routes toward DPA (6) . However, the limited amount of solanidine (1), available from the spray-dried protamylasse fraction, and the fact that tomatidenol (24) is not commercially available gave severe problems for further research. On the other hand, solasodine, which differs from tomatidenol only in the configuration at C25, is commercially available and can be considered as an acceptable model compound to investigate two alternative degradation routes toward DPA (6). Any successful results could then be repeated with tomatidenol (24) itself. Treatment of solasodine with ZnCl 2 in Ac 2 O and HOAc in the same manner as previously described for tomatidenol (24) gave imine 33 in 96% yield 85 (Scheme 11).
In the first route, isomerization of the endocyclic ∆ 22(N) double bond to the exocyclic ∆ 20, 22 position was achieved after methylation of 33 followed by treatment with aqueous NaHCO 3 in acetone 85 to 34 in 80% overall yield (Scheme 11 (1) and solanida-3,5-diene The spray-dried potato protein (225 g) was dissolved in water (700 ml), made basic with NH 4 OH (35%) to pH 10-12, and stored overnight at 4ºC. The solution was then centrifuged (6000 rpm) for 30 minutes and the supernatant was discarded. The crude glycoalkaloid mixture was transferred to a Soxhlett apparatus and extracted with ethanol for 24 hours. After evaporation, the resulting brown solid was dissolved in ethanol (350 ml) and hydrolyzed with aqueous HCl (37%, 40 ml) at reflux temperature for 3 hours. The solution was cooled to room temperature and made basic with NH 4 OH (35%). The solvent was evaporated to yield a brown solid, which was taken up in H 2 O (250 ml) and CHCl 3 (250 ml). The water layer was extracted three times with CHCl 3 (200 ml) and the combined organic extracts were dried and flash chromatographed (Al 2 O 3 , CHCl 3 /MeOH 9/1) to give a crude mixture of 1 and solanida-3,5-diene. Crystallization from the eluent gave 1 (2.47 g). After concentration of the mother liquor, crystallization of the remaining residue from EtOH (96%) provided solanid-3,5-diene (0.51 g). NMR and mass spectral data of solanidine 92 and solanid-3,5-diene 93 are in accordance with literature data. 3β-Acetoxysolanidine (11). The NMR spectral data for 11 were identical to those reported in literature. 
Solanid-4-en-3-one (7).
A solution of 1 (0.51 g, 1.27 mmol) in toluene (150 ml) and cyclohexanone (25 ml) was stirred. Then Al(i-OPr) 3 (0.54 g, 2.67 mmol) was added and the mixture was refluxed overnight. After cooling to room temperature, the reaction mixture was quenched with a saturated aqueous solution of NaHCO 3 and extracted three times with EtOAc. The combined organic layers were washed with brine, dried, and evaporated to give a brown oil (0.54 g). (3β,16α,20S)-16-Bromo-20-[(2R,5S)-1-cyano-5-methylpiperidinyl] (2S,4aR,4bS,6aS,6bR,7S,9aS,10aS,10bS)-8-[(3R)-4-bromo-3-methylbutyl]-9-cyano-4a,6a,7-trimethyl-1,2,3,4,4a,4b,5,6,6a,6b,7,8,9,9a,10,10a,10b,11-octadecahydronaphtho-[2',1':4,5]indeno[2,1-b]pyrrol-2-yl acetate (13) . A solution of 11 (0.9 g, 2.05 mmol) in CHCl 3 (20 ml) was treated with a 3M solution of BrCN (5 ml, 15.00 mmol) in CHCl 3 . After heating at reflux temperature for 24 hours under nitrogen atmosphere, the solvent was removed in vacuo and the remaining gum crystallized from PE/EA 1/1 to give 12 (0.5 g, 45%). The mother liquor was purified by column chromatography (PE/EA 5/1) to give additional 12 (0.255 g, 23%) and the F-ring opened product 13 (0.135 g, 12% (14) . A solution of 12 (0.20 g, 0.37 mmol), Bu 3 SnH (0.15 ml, 0.56 mmol), and AIBN (cat. amount) in benzene (5 ml) was heated at reflux temperature for 7.5 hours under a nitrogen atmosphere. 96 After cooling and concentration of the mixture in vacuo, ether (25 ml) and saturated aqueous KF (25 ml) were added and the mixture was stirred overnight at room temperature. The layers were separated and the aqueous phase was extracted three times with chloroform (25 ml). The combined organic phases were washed with brine, dried, and concentrated in vacuo. Purification of the residue by flash chromatography (PE/EA 9/1) gave 14 (0.11 g, 64%) as a white solid. 18 mmol) was dissolved in s-collidine (2 ml) and heated at reflux temperature for 16 hours. After cooling, the reaction mixture was diluted with EA, washed with aqueous HCl (10%) and water, and dried. Evaporation of the solvent in vacuo yielded 16 (0.083 g, 98%) as a white crystalline product. M.p.170-175ºC (173ºC [Schramm, 1970 #3725] pregn-5-en-3-ol was prepared as described in the literature, the NMR data were in accordance with the literature data. [97] [98] [99] [100] A suspension of this compound (0.07 g, 0.175 mmol), Na 2 CO 3 (0.035 g), and MeI (0.07 ml, 1.12 mmol) in water was heated at reflux temperature for 7 hours. After cooling, the white precipitate was filtered and washed with water.
The crude material was suspended in methanolic KOH (3.5 M, 5 ml) and heated under reflux for 3 hours. After cooling, the alkaline mixture was concentrated and water was added. The mixture was extracted three times with ether (5 ml) and dried. A suspension of this compound (0.048 g, 0.13 mmol), Na 2 CO 3 (0.025 g), and MeI (0.05 ml, 0.8 mmol) in water (4 ml) was heated under reflux for 7 hours. After cooling, the white precipitate was filtered and washed with water. Drying on air gave 20 (0.065 g, 97%) as a rather (3β,16β,20S)-20-[(2R,5S)-1-Chloro-5-methylpiperidinyl]pregn-5-ene-3,16-diol (23) . This compound was prepared as described in the literature, the NMR and mass data were in accordance with literature data.
100
(3β,22α,25α)-Spirosol-5-en-3-ol (Tomatidenol) (24). This compound was prepared as described in the literature, M.p. 236-238ºC (234-238ºC) (3β,22α,25α)-28-Acetylspirosol-5-en-3-yl acetate (25) . Tomatidenol (24) (174.1 mg, 0.42 mmol) was dissolved in a mixture of Ac 2 O (2 ml) and pyridine (10 ml). After 24 hours, the reaction mixture was poured into ice-water. The suspension was filtered, and the filter cake was washed with water and recrystallized from acetone/H 2 (27) . Zn powder was activated as follows 61 : To a vigorously stirred suspension of Zn (2 g, 16 mmol) in HOAc (10 ml) was added a solution of HCl (2M, 10 ml), followed by an aqueous solution of CuSO 4 (5%, 0.4 ml). After about 1 minute, the reaction mixture was decanted and the Zn washed several times with HOAc. To a suspension of freshly activated Zn (210.7 mg) in HOAc (1.3 ml) and H 2 O (3.0 ml) was added 15 (107.6 mg, 0.21 mmol) and the reaction mixture was heated at reflux temperature. After 2 hours, the reaction mixture was filtered through Hyflow and evaporated in vacuo. The residue was dissolved in CHCl 3 , washed with aqueous NaOH (0.05 M) and brine, dried, and evaporated in vacuo to obtain a white amorphous solid. Purification by column chromatography with CHCl 3 /MeOH 9/1 followed by crystallization from EtOAc gave 27 (92. . This compound was prepared from 27 as described for the synthesis of 23, the NMR and mass data were in accordance with literature data.
(3β,22α,25α)-Spirosol-5-en-3-ol (Tomatidenol) (24) . To a solution of Na (120.1 mg) in MeOH (60 ml) was added a solution of 27 (34.5 mg, 0.65 µmol) in MeOH (5 ml). After reflux for 1 hour, the reaction mixture was concentrated in vacuo, and the remaining residue was taken up in H 2 O (10 ml). The mixture was extracted three times with CHCl 3 (25 ml), dried, and evaporated in vacuo to yield 4 (27.5 mg, 85%) as a white solid. M.p. 234-238ºC (134-138ºC 103 ). The NMR and mass data are identical with those obtained in method A as previously described for the synthesis of tomatidenol (28) . (3S,6aS,6bS,7aS,12S,14aR,15aR,15bS,17aS,17bR)-9-imino-12,15,15b,17b-tetramethyl-2,3,4,  6,6a,6b,7,7a,11,12,13,14,14a,15,15a,15b,16,17,17a,17b- To a solution of 33 (1.07 g, 2.15 mmol) in benzene (50 ml) and acetone (100 ml) was added MeI (10 ml, mmol). After 3 hours reflux, the mixture was concentrated in vacuo and the remaining residue was dissolved in acetone. Precipitation with n-hexane and air-drying gave (3β,16β 
